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1. Introduction

Photothermal Radiometric Spectroscopy (PTR) is a powerful technique that
has proven successful in characterizing the thermoelectronic properties of semi-
conductors and metallic materials [1] [2] [3]. Since this is a non-intrusive,
non-destructive and remote-sensing methodology, it is very useful to determine
effectively important properties of materials, such as thermal diffusivity, elec-
tronic carrier coefficient, minority carrier lifetime, front and back surface re-
combination velocities, and so on. Additionally, PTR can be utilized to assess
the homogeneity and/or the presence of internal or surface defects or micro-
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cracks in metals [4]. PTR has been applied to case depth determination on heat
treatment steel parts [5] and in the characterization of Steel-Cu bonded by im-
pact [6], and in the study of thermal, structural, and microstructural properties
of annealed carbon steel samples with four different carbon contents [7]. A posi-
tive correlation between Vickers microhardness and PTR amplitude images was
found, in the characterization of SAE4320H Automotive Steel, indicating that
the annealing process increases the PTR signal. This methodology allows the de-
termination of the changes in the Vickers microhardness from a non-contact
and remote method as in PTR [8].

PTR had been used to obtain sample thermal images of samples of Kunial
brass to determine the effect of the precipitation heat treated on the metallurgic-
al and mechanical properties [7] and were applied to, in the Thermal and Struc-
tural Characterization of Copper-Steel Bonding Interfaces Produced by Impact
Welding [9], PTR had been applied in the Microstructural, Structural, and
Thermal Characterization of Annealed Carbon Steels [10].

A brief review of PTR physical principles is presented in this work. Then, PTR
is applied to characterize an AA356 aluminum alloy industrial piece to show the
technique’s versatility for analyzing and assessing the quality of a wide variety of
industrial parts.

PTR is a method in which an amplitude-modulated laser beam at a certain
frequency is focused onto the sample surface and scanning it. The resulting pe-
riodic heat flow in the material is a diffusion process that produces a tempera-
ture distribution called thermal wave. The black body type infrared (IR) radia-
tion emitted by each scanned region of sample following by the periodical heat-
ing is then measured using an IR detector. In this way, PTR maps can be rec-
orded. Physically speaking, the process for the signal generation can be described
as follows: upon impinging on a sample surface, an intensity-modulated laser
beam simultaneously produces direct lattice heating due to absorption, as well as
a modulation in the free photo excited carrier density, in the case of free carriers
(ie, a semiconductor), provided the photon energy is greater than the band gap
energy. The modulated photo-excited free carrier density depends on both the
laser fluency and on the electronic properties of the material in the vicinity of
the laser beam. If a wide-bandwidth IR detector, HgCdTe, as shown in Figure 1
is focused onto a laser photo exciting spot of the sample, a superposition of IR
radioactive emissions from the excited region can be then measured. This IR
radiation is mainly due to the optical de-excitation of photo-excited carriers
in the case of semiconductors, with the simultaneous emission of an IR pho-
ton within the blackbody (Planck) spectral range [2]. In other words, each
de-exciting carrier acts as a sort of Planck radiator. In turn, these temperature
variations generate “thermal waves” which can be easily detected [11]. The deep

of thermal wave (u) is determined by:

H=.—F> (1)
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Figure 1. PTR experimental setup.

where arepresents the thermal diffusivity and fthe frequency modulation.

If the sample is structurally uniform, thermal diffusion length must be the
same at any point located on the surface. PTR amplitude and phase signals of all
points under the same conditions have to be detected in the same way by the IR
detector. It is interesting to notice that, at high frequencies, the thermal wave is
located very close to the surface, so it is possible to detect variations in the sur-
face recombination rate. According to Shockley and Read, the lifetime is an ef-
fective parameter that depends on both the surface and bulk phenomena [12].
Therefore, in agreement with the radiometric theory, intermediate range fre-
quencies are required to observe changes in this parameter [1] [2]. On the other
hand, thermal diffusivity is a bulk property, so the corresponding variations
must be observed at relatively low frequencies. Thus, the PTR signal can be

written as:

Sp=C8;+C,S, (2)

where S is the PTR signal, S, is the thermal component and, S, represents the
plasma contribution, Cy C, are the weight parameters for both contributions.

In the case of metals with the contrast between different regions, differences
could be attributed to thermal and optical properties of the involved metals. PTR
images reveal the morphological aspects of the interfaces. It has been demon-
strated for the first time that PTR is a useful technique to characterize nonmetal-
lic and metallic inclusions considered impurities in most metals. The analyzed
AA356 aluminum alloy is widely used in the automotive industry, which proper-
ties and microstructural characteristics are significantly different from steel, as
well as thermal properties.

2. Material and Methods
2.1. Sample Preparation

An AA356 aluminum alloy piston produced by the permanent mold process was
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analyzed as shown in Figure 2. The piston had a carbon steel insert which was
placed in the mold before the cast process. The insert was used as a cooler dur-
ing the cast and as mechanical reinforce. The typical chemical composition of
AA356 aluminum alloy is: 90.2% - 93.3% Al, 0.25% - 0.45% Mg and 6.5% - 7.5%

Si. The aluminum piston sample was metallographically prepared.

2.2. Experimental Setup

The experimental setup for PTR imaging is shown in Figure 1. This configura-
tion has already been described in detail [1] [2] [3]. The setup consisted of a 300
mW semiconductor laser currently-modulated. The beam was expanded, colli-
mated and then focused onto the surface of the sample. The harmonically mod-
ulated IR Planck radiation from the optically excited sample surface was col-
lected by two off-axis parabolic mirrors. The spot-size of the focused gaussian
laser beam was approximately 40 pm in diameter, which was attained by using a
gradium glass lens with 12.4 cm focal distance. The IR emission was collected by
the off-axis parabolic mirrors and focused onto a CdTeHg IR detector, liquid-
nitrogen-cooled with spectral response from 2 to 12 um. The output signal was
pre-amplified and fed to a lock-in amplifier and the data was processed in a
personal computer. The excitation beam was modulated from 10 Hz to 100 kHz

via an acousto-optic modulator (AOM).

2.3.PTR

In this job, PTR was used to characterize the automotive piston sample. Three
points of the aluminum area and 3 points of the steel insert area were tested at
10 Hz to 100 kHz modulation frequency as shown in Figure 3. Major amplitude
and phase differences between aluminum and steel were observed at 10 kHz
frequency. Thus, 10 kHz frequency was used to obtain thermal images over a
2000 um x 6000 pm area, each 60 um. Amplitude and phase thermal property
differences allowed the mapping of both metals. PTR amplitude and phase

thermal images were generated by using table stages x-y movement.

Insext Made of steel

Figure 2. AA356 aluminum alloy automotive piston sample with a steel
insert at the characterized section.
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Figure 3. PTR amplitude (a) and phase (b) spectra to determine the frequen-
cy to generate thermal images.

3. Results and Discussion

Figure 4(a) shows the PTR amplitude thermal image of a steel insert as a heat
dissipation part of an aluminum automotive piston. It is known that steel ther-
mal diffusivity is much smaller than aluminum thermal diffusivity (0.227 cm?/s
and 0.968 cm?/s, respectively) [13]. It is well known that the radiometric signal is
proportional to the surface emission, and also, that it is proportional to the
thermal diffusivity. Thus, the highest values corresponded to aluminum. Figure

4(a) shows that the amplitude signal depended on aluminum and steel thermal
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Figure 4. Thermal images of piston sample. (a) Amplitude; (b) Phase.

properties, since thermal conductivity is exclusive of lattice processes [14]. Also,
Figure 4(a) shows that amplitude corresponded to a low thermal diffusivity in
the steel insert region. In the case of phase thermal images illustrated in Figure
4(b) exists a gradient of at least 25 degrees. This gradient shows a very good PTR
sensitivity to determine inclusions in metals, taking advantage of the thermo-
physical property differences (thermal diffusivity and conductivity). Thermal
properties lead to discrepancies in amplitude and phase measurements, allowing
to differentiate materials. According to [11], the amplitude thermal wave that is
generated by aluminum and steel due to the absorption of modulate laser radia-

tion is described by:

T(x,t)= g\/_exp[ xjcos(a)t—%+%j (3)

The first term of Equation (3) is a constant parameter depending on the fre-
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quency, w = 2nfand fis the modulation frequency, 1, is the laser intensity, x is
the sample thickness, and ¢ is the thermal effusivity. These parameters deter-
mined the temperature variation amplitude at the sample surface. The reflection
coefficient (absorption) for wavelength 532 nm was different between alumin-
ium and steel. In Figure 4(a) the heat conversion radiation was lower in steel
than in aluminum, and thus, the PTR amplitude signal was lower in steel than in
aluminum.

Equation (1) determines the damping of the thermal wave as well as the phase
lag between the excitation and the thermal response (thermal diffusion length
and thermal diffusivity). As the modulation was a fixed frequency, the measured
PTR amplitude signal was proportional to the reciprocal of the thermal effusiv-
ity; while the PTR phase was proportional to the x/u term, Equation (4) and
Equation (5). Thermal effusivity was higher in aluminum than in steel. Thermal
wave amplitude was higher at the aluminum region than in the steel part, as is
shown in Figure 4(a).

In the case of the phase signal illustrated in Figure 4(b), the highest PTR sig-
nal belonged to aluminum, while the lowest one corresponded to steel. These
results reflected that the thermal diffusivity was higher in aluminum than in
steel. The PTR phase can be described as follows:

¢=%+¢ (4)

Here a is the sample thermal diffusivity. According to Equation (4) and Equa-
tion (5), if the highest thermal diffusivity coefficient corresponds to aluminum,
this means that the aluminum PTR signal is lowest. Then, the thermal wave pe-
netrated more deeply in aluminum than in steel.

It is important to know that the radiometric signal strongly depends on the
surface finished [11], so it can be utilized to detect surface damage, assess the

state of a protecting coating or measure degradation of materials.

4. Conclusions

PTR results have shown that this technique has a good potential to characterize
different metals.

Homogeneity analysis of metallic materials can be effectively obtained by
PTR.

The steel insert in an aluminum piece of this work clearly revealed that
changes in amplitude PRT signal corresponded to regions with different den-
dritic structures, caused by local variations of solidification rates.

This technique can also be applied to other metals in order to determine the
content of an alloy without affecting its other properties, to determine thin lay-

ers, and in the characterization of metals parts heat treated.
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Finally, the possibilities of this technique for quality assessment of a variety of

materials, including organic ones, are an open field to research.
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